Measurement of Differential Cross Sections for v,-Ar Charged-Current Interactions
with Protons and no Pions in the Final State with the MicroBooNE Detector
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We present an analysis of MicroBooNE data with a signature of one muon, no pions, and at least
one proton above a momentum threshold of 300 MeV/c (CCO Np). Thisis the rstdi erential cross
section measurement of this topology in neutrino-argon interactions. We achieve a signi cantly lower
proton momentum threshold than previous carbon and scintillator-based experiments. Using data
collected from a total of approximately 1:6 10?° protons-on-target, we measure the muon neutrino
cross section for the CCO Np interaction channel in argon at MicroBooNE in the Booster Neutrino
Beam which has a mean energy of around 800 MeV. We present the results from a data sample
with estimated e ciency of 29% and purity of 76% as di erential cross sections in ve reconstructed
variables: the muon momentum and polar angle, the leading proton momentum and polar angle,
and the muon-proton opening angle. We include smearing matrices that can be used to \forward-
fold" theoretical predictions for comparison with these data. We compare the measured di erential
cross sections to a number of recent theory predictions demonstrating largely good agreement with

this rst-ever data set on argon.

I. INTRODUCTION

A comprehensive understanding of neutrino interac-
tions is one of the core needs of neutrino oscillation ex-
periments [1]. These measurements are an important
component of systematic uncertainties in both existing
neutrino oscillation experiments, such as T2K [2] and
NOvA [3], and future programs and experiments such as
SBN [4], DUNE [5], and Hyper-Kamiokande [6]. In many
oscillation analyses, for example [2, 3], a lack of under-
standing of neutrino interactions is limiting the precision
of such measurements. At this time, the interaction infor-
mation available is predominantly on light targets such
as carbon. For future experiments, an accurate modeling
of neutrino interactions with argon is required; this is a
primary goal of the MicroBooNE experiment [7]. We re-
port on the first differential cross-section measurement of
CCO Np interactions on argon, including measurements
of proton kinematics.

The understanding of neutrino interactions comes
through cross-section measurements of various channels.
The charged-current quasielastic (CCQE) interaction [1]
is considered to be very important because it forms a sig-
nificant contribution in many accelerator-based neutrino
oscillation experiments, and because the final state topol-
ogy is simple with an easily identifiable lepton. Early
experiments on deuterium targets, e.g. [8] were able to
identify true CCQE interactions by identifying hadrons
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in the final state. These were the first measurements of
the axial form factor. More recent experiments, K2K [9],
used nuclear targets and detection of hadrons in the final
state with more advanced detectors. They still focused
on the goal of measuring the nucleon axial form factor.
MiniBooNE [10] pioneered many of the analysis methods
used today. It is located along the same neutrino beam as
MicroBooNE, but with a mineral oil (CHs) target. The
interpretation of these data was complicated because of
the presence of other interactions such as multinucleon
(2p2h) interactions [11, 12] where the primary interaction
is with two nucleons, and pion production where the pion
is absorbed in the residual nucleus. These data provided
evidence for the importance of the 2p2h interaction in
neutrino interactions. Events from these alternate mech-
anisms have different proton multiplicities and kinematic
distributions compared with CCQE events. When only
the muon is detected, the event can be easily mistaken as
a CCQE interaction leading to a bias in neutrino energy
estimations.

To avoid this problem, a common signal definition used
is CCO or “CCQE-like” where the final state has one
muon and any number of protons but no pions above
the detection threshold of the experiment. Components
of 2p2h and pion production, followed by pion absorp-
tion, are then included. As a result of using a broader
signal definition, backgrounds are easier to handle and
the associated model dependence in the result is greatly
decreased.

Recent MINERVA [13-15] and T2K [16] CCO results
use this signal definition and include events where pro-
tons are required as one component of the signal to better
differentiate between models. One MINERvVA measure-



ment [13] using a range of targets (carbon, iron, and lead)
showed growing problems describing the magnitude of
the data with increasing atomic number. Along with the
CCO cross section measurement, T2K published proton
momenta and multiplicity distributions in their most re-
cent paper [16]. Each experiment has a characteristic
proton detection threshold: 450 MeV/c (kinetic energy
of 102.3 MeV) for MINERvVA [13, 15], and 500 MeV/c
(kinetic energy of 124.9 MeV) for T2K [16]. A recent
MicroBooNE measurement focused on single proton final
states in a region of phase space where CCQE is expected
to dominate [17]. The largest differences between data
and predictions were seen at forward muon angles.

Pion production interaction events are also included
in the event sample for this measurement. Both experi-
mental and theoretical understanding of pion production
processes are needed [1]. In addition, the component
of these events that satisfy the signal definition of this
measurement is not well understood because models of
both pion production and pion absorption in the nuclear
medium are required.

Theoretical development has benefited from previous
work for electron interactions where many of the same
reaction mechanisms are used. The 2p2h mechanism
was developed for electron interaction modeling [18] and
then imported to neutrino models [11]. Although all
event generator Monte Carlo algorithms now include
2p2h mechanisms, neutrino data give only indirect ev-
idence for it, in contrast with electron scattering where
the evidence is more conclusive. Relevant neutrino data
were published by ArgoNeuT including kinematics for
a two-proton sample [19]. Because their sample size is
small, they could select and analyze events through a
combined manual and automated analysis that enabled
an impressively low threshold of 21 MeV in proton ki-
netic energy. However, there is still a strong need for
more detailed information about the protons in the final
state of neutrino interactions.

This article presents an analysis of a sample of charged-
current events with one muon and at least one proton in
the final state in argon. Measuring the outgoing proton
increases the sensitivity to nuclear effects relative to a
measurement of inclusive muon kinematics such as [20]
while keeping a more inclusive signal definition than the
aforementioned analysis of one-proton final states [17] re-
tains a higher statistics data sample. According to the
signal definition adopted, the highest energy (leading)
proton must have a momentum between 300 MeV /c and
1200 MeV/c ( see Sec. VA for details), the muon must
have a momentum greater than 100 MeV/c, and there
must be no pions or other mesons in the final state. Any
number of final state neutrons is permitted. We refer to
this signal definition as CCO Np (where N 1) for the
remainder of this article. Events from this CCO Np sig-
nal definition are primarily populated by CC quasi-elastic
interactions, but with significant components from mult-
inucleon interactions (2p2h) and events where pions are
produced but then absorbed in the nucleus. These dif-

ferent components have different signatures in the five
kinematic variables we measure, and as such, these data
can be used to build and test models in interaction gen-
erators.

The cross-sections presented here are measured differ-
entially in the kinematics of the muon and leading proton
in each event. In addition to the muon momentum and
angle, measured distributions of the leading proton mo-
mentum and angle, and opening angle between the muon
and leading proton are presented. By presenting these
spectra for CCO Np events, a broad picture of muon
neutrino interactions in argon is provided and model de-
pendence in these results is decreased. To best describe
these data, comparisons need to include all contributing
mechanisms listed in the signal definition (in the preced-
ing paragraph) and should be folded with the smearing
matrices provided because the data are not corrected for
detector resolution effects. A breakdown according to
the interactions implemented in the Monte Carlo pro-
gram used in this data analysis and comparisons with
various event generator codes is presented in Sec VIII.

1. MICROBOONE EXPERIMENT

The MicroBooNE experiment [7] consists of a liquid ar-
gon time projection chamber (LArTPC) in the Fermilab
Booster Neutrino Beam (BNB). The detector consists of
a cylindrical cryostat filled with approxiamately 170 tons
of liquid argon. Inside this cryostat is a 10.36 m (L)
2.56 m (W) 2.32m (H) rectangular TPC, shown in Fig-
ure 1, which is sensitive to charge produced in 85 tons
of the liquid. The TPC operates at an electric field of
273 V/cm, provided by a cathode held at 70 kV and
kept uniform by a field cage around the TPC, though
the local electric field is modified by up to 15% by the
presence of positive ions in the detector, known as the
space charge effect [21, 22]. Tonization electrons drift in
this electric field towards three planes of wires forming
the anode. It takes 2.3 ms for an electron to drift from
the cathode to the first anode plane. The innermost two
planes of wires are angled at £60° from the vertical and
detect induced signals from electrons as they drift past
the wire planes. The final plane has vertical wires that
collect drifting ionization electrons. In total there are
8192 wires with a separation of 3 mm between any two
adjacent wires and between each wire plane. The de-
tector coordinate system is defined with the TPC elec-
tron drift direction oriented in the negative X-direction,
y-direction vertically aligned, and the z-direction parallel
to the neutrino beam. The coordinate system origin is
at the upstream edge of the anode wires and equidistant
between the top and bottom field cage, and the axes form
a right-handed set. We also define the polar angle from
the z-axis, , and the azimuthal angle around the z-axis,

Behind the anode plane is an array of 32 8-inch Hama-
matsu PMTs. In front of each PMT is an acrylic disc






